The Stewart approach defines acid/base abnormalities as resulting from changes in PCO 2 , strong ion difference (SID), and weak acids (mainly albumin) but needs a computer for calculation. The base excess (BE) is a measure of the net effect of changes in SID and weak acids, therefore, metabolic acid/base balance can be described as BE effects of their change from normal.
Acid/base balance is generally explained in terms of the carbonic acid/bicarbonate system. This has been considered to be the most important buffer system and to describe the relationship between the respiratory and metabolic components of acid/base balance, the partial pressure of carbon dioxide (PCO 2 ) and bicarbonate (HCO 3 -), respectively. This relationship is defined by the Henderson and Henderson-Hasselbalch equations 1 . The fact that HCO 3 is not an independent variable and varies with changing PCO 2 has meant that empirically derived correction formulae have been used to adjust the HCO 3 for both acute and chronic changes in PCO 2 .
A parameter termed "standard bicarbonate of blood" 1-3 was defined as the plasma HCO 3 in blood, fully saturated with oxygen, that had been equilibrated with a PCO 2 of 40 mmHg at 38°C, and used as a reference value to assess the change of HCO 3 -1-3 .
The BE was introduced in the late 1950s as a more accurate measure of metabolic disturbance. The BE is calculated as the concentration of strong acid or base required to return the pH of an in vitro specimen of whole blood to 7.4 while maintaining PCO 2 at 40 mmHg by equilibration at 37°C. This was called the "actual BE" (ABE) by Radiometer or the "in vitro BE" by Corning. This definition caused problems in practice, as the pH fall with increasing PCO 2 was greater in the intact individual than for blood in vitro. This results because in vivo blood freely exchanges ions with interstitial fluid and so the equilibration pool in which the effect of CO 2 changes are buffered is the extracellular space, and not the intravascular volume. This led to a fall in BE (a metabolic acidosis) being apparently caused by an acute increase in an individual's PCO 2 , which was not the intent of the original definition [2] [3] [4] . This led to the concept of the "extracellular base excess" or "in vivo base excess" (Corning) or "standard base excess" (SBE, Radiometer). The model of extracellular fluid was defined 4 as the blood diluted threefold with its own plasma giving an effective haemoglobin concentration of about 5 g/dl. The SBE does not change with acute changes in PCO 2 [1] [2] [3] [4] . If, after theoretical equilibration with a PCO 2 of 40 mmHg, the pH is lower than normal, then alkali must be added to titrate pH back to normal, i.e. it has a negative SBE or a base deficit (BD). On the other hand, if after theoretical equilibration with a PCO 2 of 40 mmHg, the pH is alkaline compared to normal, acid must be added to titrate the pH back to normal, i.e. it has a positive SBE.
The identification of metabolic acid/base abnormalities is an important aspect of critical care management. Although the SBE may be used to establish whether a metabolic abnormality is present or not, it does not give insight into the cause or mechanism underlying the abnormality. The anion gap (AG) has been used to establish, in the case of a metabolic acidosis, whether the acidosis is associated with an increase in unmeasured anions (e.g. lactate) if the AG is raised or, if normal, a hyperchloraemic acidosis 1 . However, AG in critically ill patients has been shown to be unreliable, probably because of the generally low albumin levels seen in this patient group 5 .
In 1986 Stewart proposed an alternative approach to acid/base physiology using quantitative physical chemical analysis. He analysed the reactions of the components of plasma with respect to dissociation equilibria, electroneutrality and conservation of mass. Stewart developed equations based upon the dissociation equilibrium reactions of the strong ions, weak ions, CO 2 and the requirement for electroneutrality 6, 7 . Strong ions dissociate (ionize) completely when in solution and can be considered spectator ions because their unionized fractions remain negligible across the physiological pH range. The dissociation of weak acids on the other hand varies, depending upon factors such as changes in pH and temperature within the normal physiological range. Figge and co-workers 8, 9 defined the relationship between Pi and plasma protein and [H + ]. They determined that albumin was the major contributor of weak acid anions and were thus able to quantify the alkalinizing effect of hypoalbuminaemia and the acidifying effect of hyperalbuminaemia. It was therefore possible to quantify all the independent variables that determine acid/base balance, i.e. SID, PCO 2 , and A TOT (the ionization of albumin and Pi) 9, 10 . The presence of "unidentified anions" was estimated by the calculation of a strong ion gap (SIG). The SIG was defined as the difference between the activity of all the usually measured cations, termed the apparent SID (SIDa) (Na + , K + , Mg 2+ , Ca 2+ ) and anions (Cl -, "unidentified anions"), and the effective SID (SIDe). SIDe was calculated from the relationships between pH, CO 2 , phosphate and protein developed by Stewart and modified by Figge et al 9, 11 .
A variation on the method described by Figge et al has been presented by Gilfix et al 12, 13 . They developed the idea, initially put forward by Fencl, that the BE is the net result of changes to SID and A TOT and thus changes in SID resulting from deviations in Na + (change in free water) or Cl -, and changes in A TOT , resulting from deviations in the ionization of albumin from reference values, could be quantified as BE effects 12. Any difference between the sum of the three BE effects and the actual or reported BE was termed the BE-gap and indicated the presence of "other species" or unmeasured anions or cations 12 . The BE-gap correlated well with both SIG and AG 12 .
Kellum and colleagues, extending the work of Stewart and Figge by including all abundant anions (Na + , K + , Mg 2+ , Ca 2+ ) and cations (Cl -, lactate, urate) in the calculation of SIG showed it to be sensitive and specific in the detection of unknown anions 5 . The BE-gap has been reported by Balasubramanyan et al to identify unmeasured anions in critically ill children despite normal BE and AG and that BE-gap was more strongly associated with mortality than BE, AG, or lactate 14 .
The methods described by Figge et al and Gilfix et al still require the calculation of equations that entail the assistance of a programmable calculator or computer. To enable the easy bedside assessment of the causes of metabolic acid/base disturbances, we developed a simplified method using equations able to be calculated as mental arithmetic.
The equations we developed estimate BE effects of changes in SID and A TOT and the contribution of unmeasured ions (BE-gap). To assess the accuracy of our estimates we compared this simple bedside technique with the method described by Gilfix and co-workers.
PATIENTS AND METHODS
A retrospective review of the blood results of patients in a general intensive care unit and a cardiothoracic intensive care unit identified patients with acid/base abnormalities as defined by pH and or SBE being outside the normal range. When an abnormality was noted the following anonymous information was recorded; clinical description, age, sex, pH, SBE, PCO 2 , [HCO 3 -], [Na + ], [K + ], [Cl -], lactate, Pi, albumin, glucose, creatinine, and urea. A search was made of the hospital patient admission database to identify patients admitted with a primary diagnosis of diabetic ketoacidosis (DKA). Patients with pH less than 7.35 and or a SBE less than -3 mEq/l were identified and the same results as above recorded.
Blood Sampling
Blood results were obtained from routine clinical samples. Samples of 0.5 to 1.0 ml are drawn for arterial blood gas analysis using a syringe preheparinized with 60 IU dry electrolyte balanced heparin (PICO™ 30, Radiometer, Copenhagen). Urea, creatinine, phosphate, and albumin results were obtained from blood drawn at the same time. Blood gas analysis for pH, SBE, PCO 2 , Na + , K + , Cl -, ionized Ca, lactate was performed using an ABL-700 blood gas analyser (Radiometer-Copenhagen). This analyser calculates SBE with the Van Slyke equation. Results were reported for a blood temperature of 37°C. Measurements of urea, creatinine, phosphate and albumin were performed on serum using a Synchron LX20 clinical system (Beckman Coulter Australia, Sydney, N.S.W.). Table 1 provides a summary of the measurement methodology, mean and coefficient of variation (SD divided by the mean), for the analytes. The results of patients admitted with a primary diagnosis of DKA were obtained whilst they were in the emergency department. The samples in the emergency department were obtained by arterial stab or from an indwelling arterial line.
The arterial blood gas and clinical chemistry values for each patient were recorded and the SI effects calculated. To obtain the estimated SI effects the same arterial blood gas and clinical chemistry values, as well as the patient's clinical description, age and sex were presented to one of the authors (JL). This author, who was unaware of the results of the calculated SI effects, determined the estimate of the strong ion effects.
Definitions and Calculations
SBE was used in the calculations as a matter of convenience as this is the parameter that is used clinically. The use of SBE rather than whole blood BE (as used by Gilfix 13 ) 15 .
Calculation of BE Effects
The BE effects were calculated as described by Gilfix and co-workers 12, 13 . The equations are presented in Table 2 .
The effect of the change of [Na + ] from normal was calculated to determine the free water effect. 8 . This equation was later revised by these investigators to incorporate information on the contribution of histidine residues on the surface of albumin 9 . The revised equation was used in our calculations.
Gilfix et al treated lactate as an unmeasured anion. We included it in our calculation of SID and BE effects because it is a SI at physiological pH and is now commonly a measured anion. Unmeasured anions or cations were termed BE-gap and calculated as the difference between the reported SBE and the sum of the free water, Cl -, and albeffects. The effects of the changes in SIs was termed the "delta SI effect" and calculated as the sum of the free water, Cl -, and lactate effects.
Although Gilfix et al did not include Pi in their calculations of BE effects, we added this calculation in order to assess the contribution of Pi in our patient sample. The effect of Pi was also calculated as the difference between the concentration of Pi and the normal concentration of Pi ions at pH 7.4. The hospital's laboratory normal value for Pi is 1.15 mmol/l which, using the equation in Table 2 for the ionization of Pi, equals a concentration of 2.09 mEq/l.
Estimation of BE Effects
An estimate of the SID was made using [Na + ]+ [K + ] -[Cl -] -lactate. Using our laboratory's normal values the normal SID is 42.2 mEq/l. In order to simplify calculations a reference value for SID of 42 mEq/l was used to estimate any change from normal. This was termed the estimated delta SID and was equal to estimated SID minus normal SID (42 mEq/l). This was arranged in this way so that a negative estimated delta SID corresponded to a negative BE.
An estimate of the albeffect (estimated albeffect) was made by calculating 0.25 of the difference between an approximation for the normal value for albumin (41 g/l) of 40 g/l and the measured value, 0.25 being used to allow mental calculation. The use of 0.25 of the difference in measured albumin and normal albumin to estimate albwas considered reasonable as the ionization is 0.26 at a pH of 7.2, 0.28 at a pH of 7.4 and 0.29 at pH of 7.5. The use of 0.25, assuming a change of albumin from normal of 20 g/l, would result in an error of less than 1 mEq/l for this pH range.
The expected BE based upon the estimated delta SID effect and the estimated albeffect was termed the predicted BE. The estimated BE-gap (BE-gap est ) was then calculated as the difference between actual SBE and the predicted BE. The equations used to calculate the estimated BE effects are presented in Table 3 .
Calculation of SIG
The SIG was calculated according to the following formula:
In order to be consistent with the other calculations the order of the variables was reversed so that a 541 ANALYSING THE ACID/BASE METABOLIC COMPONENT negative and positive SIG indicates a preponderance of unmeasured anions and cations respectively.
[SID]a was calculated according to the following formula:
[SID]a 9 =Na + +K + +Mg 2+ +Ca 2+ -(Cl -+lactate) (ionized concentrations were expressed in mEq/l)
[SID]e was calculated according to the following formula:
[SID]e 9 =2.46E-8 x PCO 2 (mmHg)/(10 -pH )+[albumin (g/l)] x (0.123 x pH-0.631)+[Pi (mmol/l)] x (0.309 x pH-0.469)
Data Analysis
Mean and standard deviation (SD) was used to describe pooled data.
Correlation was assessed by the Spearman correla- tion coefficient. P values of less than 0.01 were considered significant. The method proposed by Bland and Altman for assessing agreement between two measurement methods was used to determine the bias and the limits of agreement between the calculated and estimated BE effects and between the calculated and estimated BE-gaps and SIG 15 . Table 4 shows the details and results of the 46 data sets obtained from 44 individuals. The results of the determination of calculated BE effects and estimated BE effects are presented in Table 5 . The calculated BE effects are shown in Figure 1 with respect to SBE.
RESULTS
A comparison of the calculated delta SID and estimated delta SID showed a bias of -1.26 mEq/l with limits of agreement of -3.14 to 0.66 mEq/l. The same analysis for calculated and estimated albeffect had a bias of 0.5 mEq/l and limits of agreement of -0.05 to 1.05 mEq/l. The comparison of calculated and estimated BE-gap had a bias of 0.76 mEq/l and limits of agreement of -1.27 to 2.29 mEq/l. The Bland-Altman plots of these comparisons are presented in Figures 2  to 4 .
The sample had a mean (SD) for Piof 2.9 (1.33) mEq/l with a range of 1.36 to 6.05 mEq/l. The Pieffect had a mean (SD) of -0.81 (1.33) mEq/l with a range of -3.96 to 0.73 mEq/l.
The correlation between SIG and BE-gap and BE-gap est was strong (r=0.64 and 0.60 respectively, P<0.0001 for both). The same analysis excluding lactate in the gap calculations showed a very strong correlation (r=0.96, P<0.0001 for both). The regression equations are presented in Table 6 . However, despite the strong correlation the bias between BE-gap and SIG and BE-gap est were 5.0 and 4.3 mEq/l respectively with wide limits of agreement ( Table 7) . The same analysis excluding Ca 2+ and Mg 2+ in the SIG showed improved bias of 1.1 and 0.4 mEq/l but with similar wide limits of agreement. 
DISCUSSION
The estimated delta SID tends to underestimate the acidifying effect when there is a negative SI or negative BE effect and overestimates the alkalinizing effect when there is a positive SI or positive BE effect (bias = -1.26 mEq/l). The estimated effect of the change of albumin from normal, the estimated albeffect, shows a tendency to underestimate the alkalinizing effect by 0.5 mEq/l. Whilst the estimate of the net contribution of BE-gap ions to BE overestimates an acidifying effect (i.e. when there is a negative BE) and underestimates an alkalinizing effect (i.e. when there is a positive BE). The Pieffect was generally small with only three patients having an effect greater than -3.0 mEq/l. It is therefore reasonable to not include Piin the estimation of BE effects. An estimation of the contribution of Pi -(mEq/l) can be made by multiplying the change in [Pi] (mmol/l) from normal by 1.75. The ionization of Pi is 1.75 at pH 7.2 and 1.85 at pH 7.5. For the maximum Pi of 3.55 mmol/l in our sample the use of 1.75 would result in an error of less than 0.3 mEq/l for this pH range. The bias observed for all the comparisons is small and acceptable for clinical practice.
Although the BE-gap est agreement with BE-gap is reasonable this is not so for BE-gap and SIG. Although there was a strong correlation between BE-gap and SIG the Bland-Altman analysis revealed a substantial bias and very wide limits of agreement. The correlation between BE-gap and SIG from our sample is similar to the correlation reported by Gilfix and colleagues (r=0.93) 12 . They did not however assess the bias and limits of agreement in their analysis. As Gilfix et al had not included Ca 2+ and Mg 2+ in the calculation of SIG we excluded these ions to assess their contribution to the observed bias. Although the bias was reduced from 5.0 to 1.1 mEq/l for BE-gap and SIG the limits of agreement remained wide. This suggests that measurement error resulting from the use of multiple analytes and the error introduced by using normal values as reference values contribute significantly to the lack of precision. It would appear therefore that the BE-gap is unsuit-able to quantify the presence of gap ions. However, It still can be used along with the clinical history to suggest the presence of unmeasured anions.
The BE is a measure of the net result of the various acidifying and alkalinising effects of changes in the determinants of [H + ]. This fact is illustrated in Figure  1 . It is obvious from this analysis that two equal and opposite effects could coexist, producing a normal BE. Alternatively, metabolic acid/base abnormalities can exist when BE is normal. For example, a hyperchloraemia may develop, by renal resorption of Cl -, to produce a change in SID to compensate for the alkalinizing effect of low albumin that often develops in the critically ill. Hypoalbuminaemia has been shown to be a common cause of metabolic alkalosis in the critically ill 10, [17] [18] [19] . This of course would not be considered a clinically treatable acid/base abnormality. However, it is interesting to note that if a patient in this situation were given albumin to correct the hypoalbuminaemia, this would "unmask" the SI effect resulting from the hyperchloraemia, and this acidifying effect would be seen by a change in the BE.
The technique of estimating BE effects using the actual BE as a reference lends itself to a comprehensive and simple bedside analysis of acid/base balance. For example, using the results from the first set of results for patient 37 in Table 3 , the estimate of the SID, taking into account [Na + ], [K + ], [Cl -] and lactate, is 28.8 mEq/l. The difference between this and the reference value of 42 is -13.2. That is, if there were no other acid/base abnormality other than a change in SID, resulting from changes in the concentrations of the strong ions used in the calculation, the SBE would be -13.2. The change of albumin from normal must also be taken into account. The albumin is 18 g/l, which is a change from the normal value of 40 g/l of 22 g/l. We can estimate the charge contribution of the ionization of albumin as 0.25 of the difference in measured albumin and normal albumin, i.e. alb -(mEq/l)=0.25x22 (g/l)=5.5. Therefore the low albumin will have a BE effect or alkalinising effect of 5.5 and the delta SID a BE effect or acidifying effect of -13.2. The predicted BE is then -7.7 (-13.2+ 5.5). However the reported BE is -19.3. The slightly raised phosphate does not explain this difference. There then must be "other species" or unmeasured strong anions contributing to the metabolic acidosis. The BE-gap est is equal to the reported BE minus the predicted BE (-19.3 +7.7) i.e. -11.6 mEq/l. The patient was suffering from acute renal failure as a result of rhabdomyolysis and shock, and had diabetic ketoacidosis indicated by hyperglycaemia and the presence of ketones in the urine. Renal Where it is established that a change in the strong ions are contributing to the acid/base disturbance it may be useful to calculate the free water effect and [Cl -] corrected effect, although an examination of the blood results together with the clinical history, in our experience, is generally sufficient to establish if [Cl -] is high or low with respect to [Na + ].
Unmeasured anions have been shown to be increased in patients with sepsis and liver disease and the presence of unmeasured cations have been suggested 5, 10 . The BE-gap observed in our patient group suggests that both unmeasured cations and anions may have been present. However, this interpretation has to be made with caution because of the effect of measurement error. The sample is large enough to assume that the error would be random for the pooled data however the effect of measurement error must be considered in the results from individuals.
In conclusion, the use of BE as a reference value enables quantification of acid/base abnormalities and, as we have demonstrated, opens the way for the use of a simple bedside method to assist in the analysis of the metabolic component of acid/base balance.
